Over the last 40 years (1), western blot analysis has become a wide-spread technique used for a range of purposes, including identification and quantification of proteins, determination of proteinprotein interactions, and detection of post-translational proteins modifications, to name a few (2) . The term "western blot" is used to describe the entire process from protein extraction, solubilization, and size separation through to membrane transfer and subsequent antibody detection (3) . As with any technique, the accuracy of the results depends heavily on the sample preparation and, in this case, specifically on the recovery and solubilization of cellular proteins for downstream analysis (4) . In general, extracting proteins from cell samples relies on the ability to lyse cells in a buffer that promotes protein solubilization. The choice of buffer depends on sample type (5-7), protein of interest (8) , and downstream application. Typical buffer components include detergents (anionic, cationic, and non-ionic), salts, reducing agents, pH-buffering compounds, and protease and phosphatase inhibitors (2) . Sample-specific optimization is an intrinsic part of method development. In the past two decades, there has been a move from 2-D to 3-D cell culture methods, with a view to recapitulate the native 3-D cellular niche in vitro. As a result, a variety of new biomaterials have appeared in the literature that allow the 3-D encapsulation of cells (9) . Determining how these biomaterials might interfere with different analytical techniques is important in selecting and modifying current protocols to obtain accurate and reliable results.
Recently, hydrogels have become increasingly popular as biomaterials used to encapsulate cells for a range of applications, from 3-D cell culture to in vivo cell delivery (10, 11) . The term hydrogel describes a well-hydrated, porous scaffold which can be fabricated from an array of natural and/or synthetic polymers. Here, self-assembling peptide hydrogels (SAPHs) are of particular interest. A variety of self-assembling peptide (SAP) designs can be found in the literature; one of the most popular, developed by Zhang's group, is based on a pattern of alternating hydrophilic and hydrophobic amino acids (12, 13) . These peptides (typically 8-16 amino acids long) assemble in water to form b-sheet rich fibers that, when above the critical gelation concentration (CGC), entangle and/or associate/aggregate to form a 3-D percolated, nanofibrillar network that traps water (i.e., a hydrogel Continuous optimization of in vitro analytical techniques is ever more important, especially given the development of new materials for tissue engineering studies. In particular, isolation of cellular components for downstream applications is often hindered by the presence of biomaterials, presenting a major obstacle in understanding how cell-matrix interactions influence cell behavior. Here, we describe an approach for western blot analysis of cells that have been encapsulated in self-assembling peptide hydrogels (SAPHs), which highlights the need for complete solubilization of the hydrogel construct. We demonstrate that both the choice of buffer and multiple cycles of sonication are vital in obtaining complete solubilization, thereby enabling the detection of proteins otherwise lost to SAP aggregation. Moreover, we show that the presence of self-assembling peptides (SAPs) does not interfere with the standard immunoblotting technique, offering the potential for use in more full-scale proteomic studies.
Reports

METHOD SUMMARY
Following multiple cycles of sonication, the use of urea/thiourea-unlike radioimmunoprecipitation assay buffer (RIPA) buffer-completely solubilizes both self-assembling peptide hydrogels (SAPHs) and cellular protein from encapsulated cells. The presence of self-assembling peptides (SAPs) did not interfere with PAGE or subsequent antibody detection, thereby enabling western blot analysis of in situ cells.
www.BioTechniques.com peptide design include: RADA (14) , KLD (15) , FKE (16, 17) , and Q11 (18) , among many others. These SAPHs provide a flexible platform for cell culture, as the properties (mechanical and functional) can be tailored by simply altering the peptide concentration, formulation, and amino acid sequence (19, 20) . This family of SAPHs has already been shown to support the culture of many different cell lineages, including osteoblasts (21) , chondrocytes (15, 20) , and endothelial cells (22) .
For hydrogels composed of naturally occurring extracellular matrix (ECM) molecules, little modification to current protocols is required, as intact cells can be isolated through enzyme-specific degradation using cell-derived matrix metalloproteinases (MMPs) such as collagenase (collagen) (23) , nattokinase (fibrin) (24) , and hyaluronidase (hyaluronic acid) (25) . However, the degradation of syntheticbased polymers represents more of a challenge, although many synthetic materials are being engineered to contain equivalent peptide cross-linkers as targets for MMPs (26) . For the isolation of cells encapsulated in SAPHs, any non-specific proteolysis of SAPs would also degrade cell-surface proteins and, upon cell rupture, all cellular proteins. Instead, a method for protein analysis of in situ cells must focus on the complete solubilization of both cellular proteins and the SAPH, with a view to separate out the SAPs at a later stage. As such, the focus of this study is to identify a method for analyzing cellular proteins extracted from cells encapsulated in SAPHs. For this purpose, FEFKFEFK SAPHs were selected due to their popularity and ability to form a stable hydrogel suitable for cell encapsulation (27) (28) (29) .
Materials and methods
3-D cell encapsulation and sample preparation
Human endothelial kidney cells (HEK293A, R70507; ThermoFisher Scientific, Loughborough, UK) were maintained under standard culture conditions in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and MEM non-essential amino acids solution (1×). For serum-free conditions, cells were cultured as above, but upon cell-seeding, DMEM was prepared without the addition of FBS, and cells were washed with serum-free media twice to remove any residual serum.
Solutions of the oligopeptide FEFKFEFK (designated as F8) (HCl salt; >95% purity) (BioMatik, Wilmington, DE) were prepared by dissolving the peptide to a concentration of 1%, 2%, or 3% (w/v) in filter-sterilized ddH 2 O water (FSH 2 O). The peptide solutions were titrated with NaOH until they started to form a weak gel (pH 3.5-4). For cell encapsulation, 90 ml gel was pipetted using a precision positive displacement microliter pipette (Microman; Gilson, Bedfordshire, UK) into 24-well cell culture inserts. Then, 10 ml of either cell suspension (2 × 10 7 cells/ mL) or media-only blank samples (-cell) was physically mixed into the gel (F8) or 90 ml Dulbecco's PBS (dPBS) (control). All samples were then incubated in standard culture conditions for 30 min, media was removed, and samples snap-frozen with liquid nitrogen. Samples were stored at -80°C until processed.
Protein extraction
Hydrogel samples were thawed in 100 ml lysis buffer, either (i) radioimmunoprecipitation assay buffer (RIPA) buffer (1% IGEPAL, 0.5% sodium deoxycholate, 0.1%-2% SDS (as specified); 0.5 mM PMSF, 0.5 mg leupeptin, 0.5 mg aprotinin, 0.025 mg pepstatin A, 1 mM sodium orthovanadate, in dPBS) or (ii) urea buffer (8 M urea, 2 M thiourea, 100 mM Tris-HCl, 5 mM DTT, pH 8.0). The samples then underwent cycles of sonication (Covaris S220 ultrasonicator; Covaris, Brighton, UK), with each cycle of sonication lasting 180 s (40 W). When using RIPA buffer, hydrogel samples underwent a total of three cycles of sonication; however, when using urea buffer, hydrogel samples were sonicated until complete dissolution was achieved (i.e., 2 cycles of sonication for 1% F8 and 3 cycles for 2% and 3% F8). Cell-only controls only underwent one cycle of sonication for either buffer used. Following each cycle of sonication, the mixture was centrifuged (4000 × g for 5 min at 4°C), the supernatant was collected, and 100 ml fresh buffer was added to the pellet before the sonication process was repeated. Total protein was then calcu- lated based on sample volume (determined by measuring sample weight) and protein concentration. Total cellular protein was then calculated by subtracting the corresponding blank (-cell) sample. For samples lysed in RIPA, protein concentration was determined by measuring the absorbance in the 1600-1700 nm range (amide I bond) using infrared spectroscopy (Direct Detect Infrared Spectrometer; Millipore, Hertfordshire, UK). The total cellular protein for each supernatant was calculated separately and then added to determine the overall cellular protein recovered from the sample. For each sample, supernatants were combined before use in downstream applications. For samples lysed in urea buffer, the overall protein concentration was calculated using the Pierce 660 nm Protein Assay (ThermoFisher) and compared with a set of albumin standards (ThermoFisher).
Simply Better Control
For the gel pellet, F8 hydrogels were treated as above using RIPA (1% SDS RIPA), but after 3 cycles of sonication the supernatant was replaced with 100 ml urea buffer, and an additional sonication cycle was carried out. The concentration of protein in the gel pellet was estimated based on the difference between the amount of cellular protein recovered from the supernatants and the value obtained for the corresponding cell-only control. Images of the gel pellet were taken using a digital camera.
Gel staining and western blot analysis
For RIPA samples only, total protein lysates were concentrated using filtration columns with a 3000 molecular weight cut-off (MWCO) (Millipore). Equal amounts of total cellular protein were separated by 12% SDS-PAGE (Bio-Rad, Hertfordshire, UK). For RIPA samples, the concentration of SDS was adjusted to 1%, mixed with Laemmli buffer (ThermoFisher), and heated at 95°C for 5 min. For urea buffer samples, the sample was mixed with Laemmli buffer without heating at high temperature. Gels were then either stained with Coomassie Blue G-250 (ThermoFisher) or transferred to a nitrocellulose membrane using a Trans-blot Turbo Transfer System (Bio-Rad) for western blot analyses. Membranes were blocked in 5% milk before incubation with the following antibodies: anti-b actin antibody (HRP-conjugated) (1 mg) (ab20272; Abcam, Cambridge, UK; RRID: AB_445482); anti-a 
Statistical analysis
For comparison of protein concentrations, the mean ± SEM was calculated from three independent samples. A two-sample t-test was performed, and statistically significance compared with the control was determined when P ≤ 0.05.
Results and discussion
Detergent-based solubilization
The detergent SDS is widely used as an effective agent for membrane disruption and the solubilization of cellular proteins (2) . SDS is an anionic surfactant that acts to both coat hydrophobic regions of proteins with a negative charge and mask positive charges in proteins. In theory, SDS should interact with both the hydrophilic and hydrophobic face of the b-sheet-forming FEFKFEFK (F8) peptide (30, 31) , coating the F8 peptide with a negative charge that upon dissociation of the peptide fibers should hinder their ability to self-assemble (32) . Therefore, attempts were made to solubilize the cellseeded F8 hydrogel through sonication with a detergent-based buffer (RIPA buffer; see above for details) in which the SDS content was varied from 0.1% to 2% with a view to accommodate the abundance of F8 peptide present ( Figure 1 ). In brief, HEK293 cells were encapsulated in F8 hydrogel (1% w/v), conditioned with media for 30 min, and then snap-frozen in liquid nitrogen until processed. Cells were also suspended in PBS as controls. As expected, control samples were completely solubilized after sonication in 0.1% SDS-RIPA buffer. However, the F8 hydrogel formed a large pellet, which failed to solubilize even after three separate cycles of sonication, despite increasing the concentration of SDS ( Figure 1A ). After each cycle of sonication the supernatant was collected and replaced with 100 ml fresh RIPA buffer. Despite incomplete solubilization of the F8 peptide, cellular proteins were still detected in the supernatant, confirming that sonication in RIPA buffer indeed lysed encapsulated cells. Figure 1B shows the total amount of cellular protein extracted from all three cycles of sonication. By comparing total cellular protein recovered from cells encapsulated in F8 hydrogels using 0.1% SDS-RIPA buffer (79.8 ± 29.6 mg) and the control (also 0.1% SDS-RIPA buffer) (237.7 ± 8.8 mg), it can be seen that a significant amount of protein remained trapped in the gel pellet and is not recovered. When the concentration of SDS in RIPA buffer was increased, a gradual increase in the total amount of cellular protein recovered was observed.
The maximum amount of cellular protein was recovered when using 1% SDS-RIPA buffer (183.6 ± 77.3 mg; 77.3% of control). Figure 1C shows the percentage of protein obtained after each cycle of sonication, with respect to the total amount of cellular protein recovered for each composition of RIPA buffer tested. Despite differences in total cellular protein, the percentage of protein (compared to total cellular protein) recovered from each cycle of sonication was comparable between all five compositions of RIPA buffer. For all compositions of RIPA buffer, the percentage of cellular protein obtained from the first cycle of sonication was typically ≥60% and only <10% for the final (third) cycle. As such, there would be little advantage to introducing additional cycles of sonication. Cellular protein extracts were concentrated using spin column-based filtration (3000 MWCO), and the SDS concentration was adjusted to 1% before equivalent amounts of cellular protein (20 mg) were separated on 12% polyacrylamide gels. The separation profiles following Coomassie Blue staining were comparable for cell lysates extracted across all five RIPA buffer compositions ( Figure  1D) , with the notable exception of a band <10 kDa that increased in intensity with increasing SDS concentration. This band was absent in the control and corresponds to the F8 peptide (molecular weight: 1121.28 g/mol) (Supplementary Figure S1) , suggesting partial solubilization of the peptide by SDS. The presence of any F8 peptide carried over into the supernatant did not affect the separation of total cellular protein, at least for any of the SDS concentrations tested. The similarity in separation profiles across the different RIPA buffer compositions suggests no preferential retention of specific proteins; simply more protein appears to be homogeneously extracted from the gel pellet with increasing SDS concentration, which correlates with increasing F8 solubilization. However, when comparing the separation profiles against the cell-only control, there appears to be fewer distinct bands overall, with a complete absence of protein bands between 150 kDa and 250 kDa. The bands present in the blank samples (-cells) represent serum proteins from cell culture media (Supplementary Figure S1) , with the most intense band correlating with albumin (~66.5 kDa).
To verify that cellular proteins remain trapped in the F8 hydrogel aggregate, gel pellets were dissolved following sonication with urea buffer (8 M urea, 2 M thiourea, 5 mM DTT, 100 mM Tris-HCl). Urea, a chaotropic salt, was investigated for its ability to disrupt hydrogen bonding (33) and reduce hydrophobic interactions (34) , the two key interactions involved in peptide self-assembly into b-sheet rich fibers (35) . In fact, urea has been noted to increase protein yield following protein precipitation (36) and together with thiourea was shown to significantly improve protein solubilization (37, 38) . Moreover, it has been shown that urea is an effective agent for solubilizing poorly soluble (hydrophobic) membraneassociated proteins (39) , proving more effective than RIPA buffer when tested with small heat-shock proteins (40) . As expected, following solubilization of the gel pellet, the sample stained positive for an array of protein bands not seen in the blank (-cell) sample ( Figure 1E ). Interestingly, the separation profiles produced from the gel pellet and the supernatant differed, with some bands only being present in either the gel pellet or the supernatant.
To determine if there was retention of specific proteins in the gel pellet, western blot analysis of three different endogenous proteins was performed ( Figure 1F ). Equal amounts of cellular protein (20 mg) from the supernatant and gel pellet were compared. The assumption was that the relative expression of each protein should be comparable if cellular protein is trapped homogeneously. However, western blot analysis revealed heterogeneity between the proteins detected in the supernatant and gel pellet. The expression of b-actin was only detected in the supernatant, whereas a-tubulin was only detected in the gel pellet. The expression of Na 2+ /K + ATPase was detected mainly in the supernatant, although some signal could be detected in the gel pellet. Moreover, we can confirm that the presence of serum proteins did not affect the ability to detect these three endogenous proteins (Supplementary Figure S1) . Overall, our data indicate that SDS on its own is unable to fully solubilize F8 and that complete solubilization of the F8 hydrogel is indeed required for western blot analysis to prevent loss of specific proteins to the gel pellet.
Urea/thiourea-based solubilization Urea buffer was next tested for its ability to completely solubilize the F8 hydrogel without prior sonication in RIPA buffer. In contrast with RIPA buffer, multiple cycles of sonication in urea buffer resulted in the complete solubilization of the hydrogel construct. In fact, after 2 cycles of sonication, the F8 hydrogel (1% w/v) was completely solubilized, enabling the total recovery of cellular proteins (sample: 319.8 ± 32.2 µg; control: 255 ± 12.3 µg) (Figure 2A) . However, incomplete solubilization of the F8 hydrogel after just 1 cycle of sonication resulted in the recovery of only 52.8 ± 8% of the total cellular protein compared with the control, emphasizing once again the importance of fully solubilizing the SAPH matrix.
As mentioned earlier, the properties of SAPHs can be tailored by altering the peptide concentration. Therefore, this method of solubilization in urea buffer was also tested with cells encapsulated in F8 hydrogels of higher peptide concentrations (2% and 3% w/v) (Figure 2, B-D) . Following complete solubilization, the amount of cellular protein recovered was comparable to the control for all three concentrations of F8 hydrogel ( Figure  2B ). The percentage of cellular protein recovered, compared with the control, was 108.9 ± 9%, 101 ± 13.2%, and 105.5 ± 19.1% for 1%, 2%, and 3% w/v F8, respectively. Importantly, the 2 hydrogels with a higher peptide concentration (2% and 3% w/v) required an additional cycle (for 3 cycles total) of sonication to achieve complete solubilization. For all 3 concentrations of F8 hydrogel, an equal amount of cellular protein (15 µg) was separated on a 12% polyacrylamide gel ( Figure  2C ). The protein separation profiles for all three concentrations of F8 hydrogel were comparable to the control. Interestingly, even at the highest concentration (3%), the peptide did not interfere with cellular protein separation. Instead, the F8 peptide also separated out on the polyacrylamide gel and is represented by a dominant band <10 kDa, as seen when using RIPA buffer. However, for all concentrations the peptide forms a smear that begins at ~70 kDa and extends to the dominant band at <10 kDa, most obviously within the blank samples (-cells). One explanation could be that as the urea is diluted out of the sample during electrophoresis, the peptide begins to self-assemble, forming peptide complexes of various sizes. Nevertheless, western blot analysis revealed clear distinct bands for both b-actin and a-tubulin for all concentrations of F8 hydrogel, with a-tubulin having been trapped in the gel pellet previously ( Figure 2D ). This demonstrates that even at the highest concentration of F8, the peptide is not interfering with protein size separation or antibody detection.
Western blot analysis of cells encapsulated in F8 peptide hydrogels requires complete solubilization of the hydrogel construct. Complete solubilization of both F8 peptide and cellular protein was achieved using multiple cycles of sonication with urea buffer but not when using RIPA buffer. The latter caused the F8 hydrogel to aggregate and trap cellular proteins, while the former had the ability to break hydrogen bonding, which is thought to be key to solubilizing SAPH. Therefore, this method should also apply to all SAPHs composed of b-sheet-forming peptides such as RADA, KLD, and Q11, mentioned above. Following solubilization in urea buffer, the F8 peptide did not interfere with western blot analysis of endogenous cellular proteins.
